Introduction
In studies of the stress-stain state of models of pipeline sections without corrosion defects of a pipe, in the two-dimensional statement (cross section), pipes are usually modeled by a ring, whereas in the three-dimensional statement -by a thick-wall cylindrical shell [Ponomarev et al., 1958; Seleznev et al. 2005] . Usually, internal pressure or temperature is considered as a load applied to the pipe. The solution of the problems stated in this manner yields not bad results when a relatively not complicated procedure of calculation, both analytical and numerical, is adopted. The presence of corrosion damage at the inner surface of the pipe (Figures 1, 2) , being a particular three-dimensional concentrator of stresses, requires a special approach to defening the stress-strain state. In addition, account should be taken of a simultaneous compound action of such loading factors as internal pressure and friction of the mineral oil flow over the inner surface of the pipe, as well as of soil. The analysis of the known references to articles shows that the problem of investigating the spatial stress-strain states of the pipe with regard to its corrosion damage with the account of various types of loading has not been stated up to now. In essence, the problems of determining individual stress-strain states under the action of internal pressure ( has not been stated. In addition, the problems of stress-strain state determination are usually being solved for shell models of a pipe. Although, for example, in [Seleznev et al. 2005] ( ) p ij σ is described for the threedimensional model of the section of the pipe with corrosion damage. Therefore the statement and solutions of the problem of determining three-dimensional stress-strain state of the models of pipes with corrosion defects under the action of internal pressure, friction caused by oil flow and temperature discussed in the present chapter are important for pipeline systems and such related disciplines as solid mechanics, fluid mechanics and tribology.
Statement of the problem
The present Chapter deals with some of the results of investigation of the three-dimensional stress-strain state of the model of a pipe with corrosion damage (Figure 2) . 
τ 0 -tangential forces modeling the viscous fluid friction force over the inner surface of the pipe;
• change of the thermodynamic state (temperature) of the pipe 1 2 , r r
where r 2 is the outer radius of the pipe. It should be emphasized that in the presence of corrosion damage ( ) 1 1 , , r r z
where ϕ and z are the components of the cylindrical coordinate system (r, ϕ, z). 
d. contact between the pipe and soil where no displacements of the soil outer surface take place (1)
(1) 
where the superscript 1 means the pipe, whereas 2 -soil, σ τ is the tangential component of the stress vector, f is the friction coefficient, and r 3 is the soil outer radius.
With the use of the pipeline fixing (type a), tests of the pipe dug out of soil (in the air) are modeled. The stress-strain state of a pipe lying in hard soil without friction in the axial direction is modeled by means of pipe fixing (type b) while that of a pipe lying in hard soil and rigidly connected with it -by means of pipe fixing (type c). Subject to boundary conditions (8) (type d), a pipe lying in soil having particular mechanical characteristics is modeled. Thus, the problem has been stated to make a comparative analysis of the stress-strain states of the pipe with corrosion damage for different combinations of boundary conditions (1)- (3), (6)- (8):
, .
where the superscripts p, τ, and T correspond to the stress states caused by internal pressure, friction force over the inner surface of the pipe, and temperature. In the case of the elastic relationship between stresses and strains, the stress states in (9) are connected by the following relations
. 
Further, some of the solutions to more than 70 problems of studying the stress-strain state of the pipe cross section in the damage area (dot-and-dash line in Figure 1 ) [Kostyuchenko et al., 2007a; 2007b; Sherbakov et al., 2007b; 2008a; 2008b; Sherbakov, 2007b; Sosnovskiy et al., 2008] are analyzed. These two-dimensional problems mainly describe the stress-strain states of straight pipes with different-profile damage along the axis. Also, with the use of the finite-element method implemented in the software ANSYS, the essentially threedimensional stress-strain state of the pipe in the three-dimensional damage area ( Figure 1 ) was investigated.
Wall friction in the turbulent mineral oil flow in the pipe with corrosion damage
Within the framework of the present work, hydrodynamic calculation was made of the motion characteristics of a viscous, incompressible, steady, isothermal fluid in a cylindrical channel that models a pipe and in a cylindrical channel with geometric characteristics with regard to the peculiarities of a pipe with corrosion damage (see, Sect. 
The critical Reynolds number (a transition from a laminar to a turbulent flow) for a viscous fluid moving in a round pipe is Re cr ≈ 2300. Thus, the turbulent flow motion should be considered in our problem. The software Fluent calculations used the turbulence k -ε model for modeling turbulent flow viscosity [Launder et al., 1972; Rodi, 1976] . As boundary conditions the following parameters were used: at the incoming flow surface the initial turbulence level equal to 7% was assigned; at the pipe walls the fixing conditions and the logarithmic velocity profile were predetermined; in the pipe the fluid pressure equal to 4 МPа was set.
Calculations of the steady regime of the fluid flow (quasi-parabolic turbulent velocity profile of the incoming flow) and of the unsteady regime (rectangular velocity profile of the incoming flow) were made.
In the problems with a rectangular velocity profile of the incoming flow
The unsteady regime of the fluid flow was considered.
In the problems with a quasi-parabolic turbulent velocity profile, at the entrance surface of the pipe the empirically found profile of the initial velocity was assigned, which is determined by the formula: -for the two-dimensional case 
for the three-dimensional case 
The calculation results have shown that the motion becomes steady (as the flow moves in the pipe, the quasi-parabolic turbulent profile of the longitudinal velocity V x develops) at some distance from the entrance (left) surface of the pipe (Figure 3 ). So, from Figure 4 it is seen that for the quasi-parabolic velocity profile of the incoming flow the zone of the steady motion begins earlier than for the rectangular profile. Further, we will consider the results obtained for the velocity profiles of the incoming flow calculated in accordance to (14) and (15) . Consider the flow turbulence intensity being the ratio of the root-mean-square fluctuation velocity u′ to the average flow velocity u avg ( Figure 5 ). ' ,
At the surface of the incoming flow, the turbulence intensity is calculated by the formula The zone of the unsteady turbulent motion is characterized by the higher turbulence intensity (vortex formation) in comparison with the remaining region of the pipe ( Figure 5 ). The highest intensity is observed in the steady motion zone, which is especially noticeable in the calculations with the initial velocity of 1 m/sec in the pipe wall region, whereas the lowest one -at the flow symmetry axis. At high initial flow velocity values the vortex formation rate is higher.
It should be emphasized that at a higher value of the initial flow velocity, the instability region is longer: at υ 0 = 1 m/sec its length is about 2 m, while at υ 0 = 10 m /sec its length is about 5 m. The behavior of the motion (steady or unsteady) exerts an influence on the value of wall stresses. In the unsteady motion zone, they are essentially higher as against the appropriate stresses in the identical steady motion zone. These figures illustrate that at that place of the pipe, where the fluid motion becomes steady, the value of tangential stress at υ 0 = 1 m/sec is approximately equal to 8 Pa, whereas at υ 0 = 10 m/sec it is about 240 Pa.
The results as presented above are peculiar for a pipe with corrosion damage and without it. At the same time, the presence of corrosion damage affects the kinematics of the moving flow in calculations with both the rectangular profile of the initial flow velocity and the quasi-parabolic turbulent one. In this domain of geometry, there appear transverse displacements that form a recirculation zone ( Figure 7 ). The corrosion spot exerts a profound effect on changes in wall tangential stresses in the area of the pipe corrosion damage.
Figures 8 and 9 demonstrate that in the corrosion damage area, the values of wall tangential stresses undergo jumping. For the laminar fluid motion, the value of tangential stresses at the pipe wall is calculated by the following formula [Sedov, 2004] :
where μ = υ⋅ρ = 1.4⋅10 -4 ⋅865 = 0.1211 kg/(m*sec) is the molecular viscosity, r 0 = 0.306 m is the pipe radius. 
The expression for the tangential stresses with regard to the turbulence is of the form [Sedov, 2004] :
The last formula and the analysis of the calculations enable evaluating the turbulence influence on the value of tangential stresses at the pipe wall. As indicated above, at different profiles and initial velocity values the tangential stresses were obtained: at υ 0 = 1 m/sec: 
The results obtained are evident of the fact that the turbulence much contributes to the formation of wall tangential stresses. At the higher turbulence intensity (it is especially high in the pipe wall region), Reynolds stresses increase, too. I.e., the turbulence stresses are: The analysis as made above shows that the calculation of the motion of a viscous fluid in the pipe as laminar can result in a highly distorted distribution pattern of the tangential stresses at the inner surface of the pipe. It can be concluded that the analysis of viscous fluid friction, when the flow interacts with the pipe wall, must be performed on the basis of the calculation of flow motion as essentially turbulent one.
Analytical solutions for the stress-strain state of the pipeline model under the action of internal pressure and temperature difference
In the simplified analytical statement, the problem of calculating the stress-strain state of a long cylindrical pipe reduces to the problem of the strain of a thin ring loaded with a pressure p 1 uniformly distributed over its inner wall and also with a pressure p 2 uniformly distributed over the outer surface of the ring ( Figure 10 ). Operating conditions of the ring do not vary depending on whether it is considered either as isolated or as a part of the long cylinder. Work [Ponomarev et al., 1958] and many other publications contain the classical solution to this problem based on solving the following differential equation for radial displacements: 
where р 1 is the internal pressure; р 2 is the external pressure.
Fig. 10. Loading diagram of the circular cavity of the pipe
In such a case, the general formulas for stresses at any pipe point have the following form: 2  2  2 2  1 1  2 2  1  2 1 2  2  2  2  2  2  2  1  2  1  2  2  2 2  1 1  2 2  1  2 1 2  2  2  2  2  2  2  1  2  1 ( ) 
Assuming that the cylinder is loaded only with the internal pressure (р 1 = p, р 2 = 0), the following expressions are obtained for the stresses based on the internal pressure:
where
To analyze the rigid fixing of the outer surface of the pipeline, as one of the equations of the boundary conditions we choose expression (26) for displacements, the value of which tends to zero at the outer surface of the model. As the secondary boundary condition we use an expression for stresses at the inner surface of the cylinder from (27): 
Then, the expressions for the stresses will assume the form: 
Consider a long thick-wall pipe, whose wall temperature t varies across the wall, but is constant along the pipe, i. e., t = t(r) [Ponomarev et al., 1958] . If the heat flux is steady and if the temperature of the outer surface of the pipe is equal to zero and that of the inner surface is designated as Т, then from the theory of heat transfer it follows that the dependence of the temperature t on the radius r is given by the formula 2 12 ln , ln
Any other boundary conditions can be obtained by making uniform heating or cooling, which does not cause any stresses. Thus, the quantity Т in essence represents the temperature difference ΔT of the inner and outer surfaces of the pipe. As the temperature is constant along the pipe, it can be considered that cross sections at a sufficient distance from the pipe ends remain plane, and the strain ε z is a constant quantity. The temperature influence can be taken into account if the strains due to stresses are added with the uniform temperature expansion Δε = αΔT where α is the linear expansion coefficient of material. The stress-strain state in the presence of the temperature difference between the pipe walls can be determined by solving the differential equation [Ponomarev et al., 1958 ]: 
Having solved boundary-value problem (33), (34), the expressions for stresses are of the form: As seen from Figures 15-16 , the σ r and σ ϕ distributions obtained from the analytical calculation practically fully coincide with those obtained from the finite-element calculation, which points to a very small error of the latter.
Stress-strain state of the three-dimenisonal model of a pipe with corrosion damage under complex loading
Consider the problem of determining the stress-strain state of a two-dimenaional model of a pipe in the area of three-dimensional elliptical damage.
In calculations we used a model of a pipe with the following geometric characteristics ( 
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The temperature diffference between the pipe walls is (3) 1 2 20 .
The value of internal tangential stresses (wall friction) (2) is determined from the hydrodynamic calculation of the turbulent motion of a viscous fluid in the pipe. Calculations in the absence of fixing of the outer surface of the pipe and in the presence of the friction force over the inner surface (2) were made for 1/2 of the main model (Figure 2) , since in this case (in the presence of friction) the calculation model has only one symmetry plane. In the absence of outer surface fixing, calculations were made for 1/4 of the model of the pipeline section since the boundary conditions of form (2) are also absent and, hence, the model has two symmetry planes. The investigation of the stress state of the pipe in soil is peformed for 1/4 of the main model of the pipe placed inside a hollow elastic cylinder modeling soil ( Figure 17 ). In calculations without temperature load, a finite-element grid is composed of 20-node elements SOLID95 ( Figure 17 ) meant for three-dimensional solid calculations. In the presence of temperature difference, a grid is composed of a layer of 10-node finite elements SOLID98 intended for three-dimensional solid and temperature calculations. The size of a finite element (fin length) a FE =10 -2 m.
Fig. 17. General view and the finite-element partition of ¼ of the pipe model in soil
Thus, the pipe wall is composed of one layer of elements since its thickness is less than centermeter. During a compartively small computer time such partition allows obtaining the results that are in good agreement with the analytical ones (see, below). Calculations for boundary conditions (8) with a description of the contact between the pipe and soil use elements CONTA175 and TARGE170. As seen from Figure 17 , the finite elements are mainly shaped as a prism, the base of which is an equivalateral triangle. The value of the tangential stresses 
where S is the area of the romb with the side a FE and with the acute angle β FE = π/3. Thus, the value of the tangential stress applied at one node will be 
The analysis of the calculation results will be mainly made for the normal (principal) stresses σ x , σ y , σ z in the Cartesian system of coordinates. It should be noted that for axissymmetrical models, among which is a pipe, the cylindrical system of coordinates is natural, in which the normal stresses in the radial σ r , circumferential σ t , and axial σ z directions are principal. Since the software ANSYS does not envisage stresses in the polar system of coordinates, the analysis of the stress state will be made on the basis of σ x , σ y , σ z in those domains where they coincide with σ r , σ t , σ z corresponding to the last principal stresses σ 1 , σ 2 , σ 3 and also to the tangential stresses σ yz . Make a comparative analysis of the results of numerical calculation for boundary conditions (1), (6) and (1), (7) with those of analytical calculation as described in Sect. 1.4. Consider pipe stresses in the circumferential σ t and radial σ r directions.
Figures 18 and Figure 19 show that in the case of fixing damage exerts an essential influence on the σ t distribution over the inner surface of the pipe. At the damage edge, the absolute value of circumferential σ t is, on average, by 15% higher than the one at the inner surface of the pipe with damage and, on average, by 30 % higher than the one inside damage. In the case of fixing (coupling along the z-axis) is expressed in increasing |σ t | at the inner surface without damage in the calculation for (1), (7) approximately by 60% in comparison with the calculation for (1), (6) . However in the calculation for (1), (7), the |σ t | differences between the damage edge, the inner surface without damage, and the inner surface with damage are, on average, only 6 and 3% , respectively. Maximum and minimum values of σ t in the calculation for (1), (6) 
Thus, at the upper inner surface of the pipe the damage influence on the σ t variation is inconsiderable. A comparatively small error as obtained above is attributed to the fact that the three-dimensional calculation subject to (1), (6) (1), (7) is much greater -about 45 %. 
through the points:
In the above descriptions of the paths, d=0.8 m is the length of corrosion damage along the z axis of the pipe. The function f(z) describes the inhomogeneity of the geometry of the inner surface of the pipe with corrosion damage.
The analysis of the distributions shows that |σ t | increases up to 10% from the inner to the outer surface along paths 1, 2, 4 and decreases up to 2% along path 3. Thus, it is seen that at the corrosion damage edge over the cross section (path 3), the |σ t | distribution has a specific pattern. It should also be mentioned that if in the calculation for (1), (6), |σ t | inside the damage is approximately by 20% less than the one at the inner surface without damage, then in the calculation for (1), (7) this stress is approximately by 2% higher. Figure 20 shows the σ r distribution that is very similar to those in the calculations for (1), (6) and for (1), (7). I.e., the procedure of fixing the outer surface of the pipe practically does not influencesthe σ r distribution. At the corrorion damage edge of the inner surface of the pipe, the σ r distribution undergoes small variation (up to 1%). Maximum and minimum values of σ r in the calculation for (1), (6) (1), (6)). For r 1 ≤ y ≤ r 2 , x=z=0 in the region of the pipe without damage at r = r 1 e is >>1%, whereas at r = r 2 e is ≈1% for (1), (6) . Make a comparative analysis of the results of these numerical calculations for (1), and (1), (8) with those of the analytical calculation described in Sect. (1) for fixing absent at the outer surface and at the contact between the the pipe and soil (1), (8) . corrosion damage exerts an essential influence on the σ t distribution over the inner surface of the pipe. The minimum of the tensile stress σ t is at the damage edge over the cross section, whereas the maximum -inside the damage. The σ t value at the damage edge is, on average, by 30% less than the one at the inner surface of the pipe without damage and by 60% less than the one inside the damage. The stress σ t is approximately by 50% less at the surface without damage as against the one inside the damage. At the contact between the pipe and soil, the σ t disturbances are localized just in the damage area. In the calculation for (1), (8) , the σ t differences between the damage edge, the inner surface without damage, and the damage interior are, on average, 60 and 70%, respectively. The stress σ t is approximately by 30% less at the surface without damage as against the one inside the damage. In this calculation there appear essential end disturbances of σ t . Such a disturbance is the drawback of the calculation involvingh the modeling of the contact between the pipe and soil. Additional investigations are needed to eliminate this disturbance. On the whole, σ t at the inner surface of the pipe in the calculation for (1) is, on average, by 70% larger than the one in the calculation for (1), (8) . Maximum and minimum values of σ r in the calculation for (1) are: (1), (7) is much larger -about 70 %. The analysis shows that from the inner to the outer surface along paths 1, 2, 4, the stress σ t decreases approximately by 7, 36 and 43%, respectively, and increases approximately by 120% along path 3. Thus, it is seen that at the corrosion damage edge over cross section (path 3) the σ t distribution has an essentially peculiar pattern. The σ t variations in the calculation for (1), (8) along paths 1, 2, 3 are identical to those in the calculation for (1) and are approximately 3, 1.5 and 15 %, respectively. However unlike the calculation for (1), in the calculation for (1), (8) σ t increases a little (up to 1%) along path 4. The stress σ r distributions shown in Figures 23 and 24 illustrate a qualitative agreement of the results of the analytical and finite-element calculations for (1). In the calculation for (1) |σ r | is approximately by 70% higher at the damage edge than the one at the inner surface without damage. The bulk analysis of the stress distributions has shown that the results of calculation of the contact interaction of the pipe and soil are intermediate between the calculation results for the extreme cases of fixing. So, the σ r <0 distribution has a similar pattern in all calculations. By the σ t distribution, the case of the contact between the pipe and soil is close to that of absent fixing since in these calculations the boundary conditions allow the pipe to be expanded in the radial direction. By the σ z distributions, the case of the contact between the pipe and soil is close for 
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The corrosion damage disturbance of the strain state of the pipe as a whole corresponds to the disturbance of the stress state (Figures 29-34 ). The exception is only ε t (Figures 29, 30 ) that is tensile at the entire inner surface of the pipe, except for the damage edge where it becomes essentially compressive. This effect in principle corresponds to the effect of developing compressive strains inside the damage in a total compressive strain field. This effect was reaveled during full-scale pressure tests of pipes. 
T T T − =Δ
A comparative analysis of the stress distributions along the assigned paths shows that at the corrosion damage center (path 2) there is an almost two-fold increase of the stresses (σ t ), as compared to the surface of the pipe without damage (path 1). The disturbing effect of corrosion damage (path 6) on the stress state is clearly seen. 
T T T − = Δ
A comparative analysis of the stress distributions shows that at the corrosion damage center the stresses grow (almost two-fold increase for σ t ) in comparison with the surface of the pipe without damage.
Conclusion
Within the framework of the investigations made, the method for evaluation of the influence of the process of friction of moving oil on the damage of the inner surface of the pipe has been developed. The method involves analytical and numerical calculations of the motion of the two-and three-dimensional flow of viscous fluid (oil) in the pipe within laminar and turbulent regimes, with different average flow velocities at some internal pipe pressure, in the presence or the absence of corrosion damage at the inner surface of the pipe. The method allows defining a broad spectrum of flow motion characteristics, including: velocity, energy and turbulence intensity, a value of tangential stresses (friction force) caused by the flow motion at the inner surface of the pipe.
The method for evaluation of the stress-strain state of two-and three-dimensional pipe models as acted upon by internal pressure, uniformly distributed tangential stresses over the inner surface of the pipe (pipe flow friction forces), and temperature with regard to corrosion-erosion damages of the inner surface of the pipe has been developed, too. For finite-element pipe models with boundary conditions of type (1)- (7) mainly the circumferential stresses, being the largest, were considered. The methof allows defining the variation in the values of the tensor components of stresses and strains in the pipe with corrosion damage for assigned pipe fixing under individual loading (temperature, pressure, fluid flow friction over the inner surface of the pipe) and their different combinations.
